Abstract. Jharkhand is a state in the eastern part of India. The tropic of Cancer (23 and a half degree north line) passes through Ranchi district in Jharkhand. Mud huts with burnt clay tiled roofs in Ranchi district in Jharkhand are an integral component of the state's vernacular architecture. They come in various shapes, with a number of them having a courtyard type of plan. In general, it has been stated that courtyard type dwelling units show better thermal performance during summer and winter. In this paper, three types of mud huts with courtyards are taken as a study and through temperature measurements in the south side rooms and "Ecotect-Autodesk" (Version 2011) software simulations, their thermal performance during the hotter and colder parts of the year are observed. Thereafter, based on the study, the thermally better performing dwelling types in summer and winter are identified among the three sub-types studied. It is found that all courtyard type dwellings do not necessarily show better thermal performance in summer and winter in composite climate. Certain recommendations with respect to increasing thermal comfort in general in courtyard type huts are made.
Introduction
One of the distinct vernacular architectural styles that exist in Jharkhand is small mud huts. As per studies conducted by Cooper and Dawson (1998) , these huts are built of mud, sticks, grass and pebbles. The roofs are made of either thatch or burnt clay tiles. These houses were typically self-built by family members, sometimes aided by neighbours (see Figs 1 and 2). fig. 3 . Typical layout of huts in jharkhand (reproduced from Dhar 1992) As Gautam (2008) states, these huts are typically arranged in a linear pattern along the main street of a village, usually amidst a group of bamboo trees. The houses are normally surrounded by a fence made of bamboo, shrubs, or twigs that defined the boundary between the public street and the semi-private courtyard area. The open-to-sky courtyard acted as a prime space for the house, especially during the day in winter and in the evenings in summer. Most day to day activities occurred in this space. People commonly use the courtyard space to dry clothes and crops, alongside fig. 4 . Some dwelling units with courtyards in ranchi's composite climate Source: photographs by author.
using it for outdoor eating and washing utensils during day-time (Figs 3 and 4). Yannas (2001) defines a courtyard as a court or enclosed ground attached to a house, or a large paved or unpaved space surrounded by walls or building. A courtyard can be a roofless inner courtyard adjoining a house or an open-to-the-sky central courtyard. In studied examples, all courtyards are non-paved and open-to-sky.
In Jharkhand's vernacular mud huts, courtyards form an important component in a number of dwelling units. In the composite climate prevailing in Ranchi, (the study area, located in Jharkhand) courtyards are often used as an effective tool in thermally comfortable design. Bansal and Minke (1988) in their assessment of ideal design strategies in composite climate, for "Rural Housing in India", emphasise the courtyard as a buffer space and as a moderating influence on microclimate as shown in Table 1 . Koenigsberger et al. (1997) and others have also suggested that the courtyard type dwelling units are a favourable solution in composite climatic regions for thermal comfort inside the dwellings.
Hassan Fathy (1973) built thick mud walls and traditional courtyards, in his works at New Gourna Village for 3,000 families, which supported cultural values. He created opportunities for passive cooling and enlisted the villagers as builders of their own homes (Figs 5 and 6). Fathy used the stack effect to good effect in his designed dwellings, with intelligently placed courtyards and proper openings at different levels. Yannas (2001) writes that in warm climates, outdoor spaces adjacent to buildings are as important as, and at times more important than, indoor spaces and should be provided with means of solar control and heat dissipation. Natural and man-made materials can be combined to provide shading and to cool surfaces and adjacent air. Olgyay (1963) proposed a probable arrangement of dwellings in a slight variation of the already existing courtyard type planning as existing in Jharkhand to channelize cooling breezes in summer (see Fig. 7 below).
The literature review conducted above, throws light upon the different ways in which courtyards can be used in predominantly hot tropical and sub-tropical climates in creating thermal comfort. Their work has informed this research in the sense that the passive design strategies mentioned above and the ways of using the courtyard intelligently as a means of passive design intervention was learnt from these studies. That in turn, is the core focus of this research paper. The research discussed in this paper examines how the courtyard-type dwellings perform thermally in composite climatic area around Ranchi, especially in peak summer and peak winter season. This includes an analysis of the various sub-types of courtyard dwelling units present in the composite climatic region of Jharkhand and to what extent the courtyards do and might contribute to enhanced thermal comfort.
Study area
Jharkhand is a state located in the eastern part of India. It can be categorized into two types of climatic divisions, namely, the composite zone and the warm-humid climate, as denoted by the two colours on the map (see Fig. 8 below) . As can be seen from map, the whole of Jharkhand, except a small portion of it to the south and east, falls within the composite zone of climate 1 . Ranchi, the capital of Jharkhand falls in the Composite climatic zone. The Tropic of Cancer (23 ½ degree North latitude) passes through Ormanjhi, Ranchi District, very near to the study area. Angara, Nawatoli, Pancholi, and Masu, four villages within a 50 kilometre radius of Ranchi have been chosen as the Study area, in the composite climate region (see Fig. 9 ). Ranchi's geographical location is 23.38 degrees north latitude and 85.33 degrees east longitude. The three types of dwelling units with courtyards which have been chosen for the study are shown below in Figures Table 2 below). All the three huts studied were stand-alone huts without much influence of neighbouring huts.
Characteristics of composite type climate
As per Koenigsberger et al. (1997) composite climates are neither consistently hot and dry, nor warm and humid. Their characteristics change from season to season, alternating between long hot, dry periods to shorter periods of concentrated rainfall and high humidity. In many areas there is also a third season, with dry sunny days and cold nights, which is referred to as winter.
The composite zone covers the central part of India. Some cities that experience this type of climate are New Delhi, Kanpur, Ranchi and Allahabad. A variable landscape and seasonal vegetation characterise this zone. The intensity of solar radiation is very high in summer with diffuse radiation amounting to a small fraction of the total. In monsoons, the solar intensity is low with predominantly diffuse radiation. The maximum daytime temperature in summers is in the range of 32-43 ºC, and night time values are from 27 to 32 ºC. In winter, the values are between 10 to 25 ºC during the day and 3 to 10 ºC at night.
The relative humidity is about 20-25% in dry periods and 55-95% in wet periods. The presence of high humidity during monsoon months is one of the reasons why a place like Ranchi is grouped under the composite and not hot and dry climate. Precipitation in this zone varies between 500-1300 mm per year. This region receives strong winds during monsoons from the south-east and dry cold winds from the north-east. In summer, the winds are hot and dusty. The sky is overcast and dull in the monsoon, clear in winter and frequently hazy in summer.
Generally, composite regions experience higher humidity levels during monsoons than hot and dry zones. Otherwise most of their characteristics are very similar. In studied case in Ranchi, the prevailing summer evening wind is from the southern side at average speeds of 0.5 to 1 m/second, rising up to a maximum of 2 m/second occasionally and 3 m/second on rare occasions.
Research methodology: temperature/humidity measurements and software simulation using Ranchi climate file As discussed before, Fathy (1973) , Koenigsberger et al. (1997) , Bansal and Minke (1988) , Yannas (2001) Based on historical precedents, hourly internal and external temperatures were observed during a seven-day period in the hottest part of the year, for the three studied dwelling units. This data provided reasonable information about the performance of the three different dwelling units in extreme summer conditions. Similarly, hourly temperature observations were recorded for seven days during the coldest period of the year. The recorded temperatures enabled an analysis of the thermal comfort levels inside the sample dwellings. Additionally, hot period and cold period temperature data was collected simultaneously from the courtyard in each dwelling. Simulations for each dwelling were completed using the Autodesk Ecotect Software (Version 2011). The simulations included the climate file created for Ranchi in .EPW format, which included complete temperature, humidity, solar radiation, sunshine, prevailing wind speed in m/sec including direction and rainfall values. The output data from the simulations was compared to the measured data from each dwelling. The influence of air velocity on thermal comfort As can be seen in above wind-charts (Fig. 15) , the prevailing wind direction is from South side in summer and from North side in winter in Ranchi. In weather data summary for Ranchi, provided based on composite. EPW climate file for Ranchi ( cooling does not happen to a considerable extent in these four months in which the wind speeds are high as the high recorded temperatures inside the huts at night prove. The high wind speeds in these four hot summer months are not utilised in the studied huts.
An air speed of 0.5m per second equates to a 3 degree drop in temperature at relative humidity of 50 per cent (Reardon, Downton 2013) . Night-time flushing out of heat is required for night time cooling. The recorded temperatures at nighttime inside the three studied huts in summer remain high although outside temperatures after mid night drop down till about 26-27 degree Celsius in the hottest period of the year. However, the temperatures inside the mud huts hover at around 35-37 degree Celsius, a good 8 to 10 degrees more. This can be attributed to the lack of adequate nocturnal ventilative cooling (see Fig. 17 ). The extent to which temperatures inside as well as outside the hut are reduced when the wind velocities are high are seen in the above temperature record taken on 27 th July, one of the windiest days of the year. The temperatures inside the hut (indicated in blue graph in Fig. 16 above) dip appreciably due to high wind velocities of more than 3 metre/second (Fig. 16) . Subsequent research led to a proposal for an adaptive comfort standard (ACS) that would serve as an alternative to the PMV (Predicted Mean Value) -based method in ASHRAE Std. 55. The outdoor climatic environment for each building was characterized in terms of mean outdoor dry bulb temperature (DBT), i.e. To(DBT), instead of ET (Effective Temperature). Optimum comfort temperature, Tc (comfort temperature) was calculated as per formula given below: Tc = 0.31 To (DBT) + 17.8 (in degree celsius) Though metrics have been developed to quantitatively define thermal comfort, it is inherently subjective. As per Nicol (2001) , Humphrey in 1981 derived a mathematical relationship between the optimum comfort temperature (Tc) and mean outdoor temperature (To) for a passive building: Tc = 12.1 + 0.53 To. He collected data from comfort surveys from all across the world and plotted the temperature reported as comfortable against outdoor temperatures for the month of survey. Nicol (2001) , concluded after similar research in the Indian sub-continent that, Tc = 17.0 + 0.38 To. The difference between the two formulas is the subjective nature of thermal comfort. Nicol (2001) further states that Foss and Rohles (1982) had surmised that thermal comfort varies because of social conditions, acclimation to geographic locations, and culture. Thermally comfortable buildings respond to these variables to create comfortable conditions for users. Passively thermally comfortable buildings use different strategies to create such conditions. In this case it has been examined whether courtyards in dwellings can be such a strategy. 
Comparison of Adaptive Comfort

Location of temperature sensors
To allow the analysis of daily variations within each dwelling and courtyard, data loggers were used to measure and acquire hourly temperature data. The data loggers were installed in the centre of the room at a height of 1.0 m. The height of 1.0 m is based on the average human height while sitting (Das 2006) . All data were automatically sampled at an interval of one hour (60 minutes). A digital thermometer was used to measure outdoor temperatures. All temperatures measured inside the three dwellings were taken from the rooms on the south side. Temperatures in the courtyards were measured by installing the data loggers in the centre of the courtyard at a height of 1.0 metres.
Measured temperature data
The graph given below (Fig. 17) shows the recorded average temperatures through a week in the hottest period of the year from 29 th May to 4 th June. The three different coloured graphs indicate the recorded temperatures of the three sample huts. The blue graph shows the variation of the outside average temperatures during the same period. Sample Hut 1 (square with central open courtyard) records the highest temperature amongst the three dwellings in summer. The lowest temperature in summer is recorded in Sample Hut 3 (U shaped dwelling). In winter too, Sample Hut 1 records the highest temperature. Sample Huts 1 (square with central open courtyard) and 2 (plus shaped dwelling with central square courtyard) are not ideal for summer-time inhabitation. But Sample Hut 1 shows better winter time performance than Huts 2 and 3, recording up to 2 degree Celsius higher temperature than samples 2 and 3 (Fig. 18) . Sample Hut 3 offers the best thermal comfort inside amongst the three huts in summer (Fig. 17) . 
Temperatures of courtyards for the three sample dwelling units
The thermal performance of the courtyards on the basis of temperature measurements taken in the courtyard is discussed in this section. It is very hot in the courtyard from around 8 AM in the morning to 5 PM in the evening in summer, making it highly unusable in that period in peak summer in case of all the three dwellings (Fig. 19) .
In winter the reverse is true and from 9 AM in the morning till about 4 PM in the evening the courtyard can be used extensively for various activities as it is actually done in practice (Fig. 20) .
In the U Shaped dwelling unit with south side courtyard the courtyard temperatures in peak summer during afternoon becomes unbearably high due to the courtyard bearing the brunt of the summertime southern sunrays (Fig. 19) .
Recorded humidity values
Humidity levels inside the mud hut are highest at night (increasing after 6:00 PM in the evening till about 7:30 AM the next morning) (Fig. 21) .
July, August and September remain high humidity months, with both maximum and minimum humidity recorded being very high. (Fig. 21 and Fig. 22 ) These recorded humidity-levels have been used in the calculation of number of hours of thermal discomfort due to excess heat and excess cold as shown in Table 4 later. Simulated data: calculation of total number of discomfort hours In generating the climate file for Ranchi, Relative Humidity values are also inputted in alongside the other climatic parameters that include temperature, humidity, solar radiation, sunshine, wind: prevailing wind speed in m/sec and direction and Rainfall: (monthly total in mm). The raw weather data from the meteorological station are usually analysed and presented in tabular form and/or in graph form. Some design handbooks and standards such as ASHRAE/ ISHRAE also provide general climatic data for building design and manual load calculations. To study year-round building performance, annual weather data will be required. The development of detailed computerized simulation programs for the thermal response of buildings has determined the need to generate a coherent set of data set to represent hourly yearly data. Most data systems construct a composite year's data by selecting periods from actual data over many years of recording. This data has different names: EPW in the United States and India, for example. In this case for generating the simulations the .EPW file for Ranchi has been used which includes air velocity, humidity data and et al. The total number of discomfort hours due to excessive heat is greatest in Sample Hut 1, i.e. square dwelling unit with central courtyard, followed by Sample Hut 2, i.e. the plus shaped hut with central courtyard, and the least discomfort due to excess heat is present in Sample Hut 3, i.e. U-shaped dwelling unit (see Table 4 below). The opposite happens in winter, when the sample Hut 1 shows the least number of discomfort hours due to excess cold, followed by Sample Hut 2 and finally Sample hut 3 which has the most number of discomfort hours due to excess cold (see Table 4 below). From a summer-time point of view, the U-shaped dwelling unit with south-side open courtyard (sample Hut 3) exhibits least number of discomfort hours due to excess heat. Summer-time discomfort is prevalent in greater degree mainly in the months of April, May and June, with winter time discomfort being sizeable in January and December (see Table 4 ), (Sample Hut 3).
Comparison between simulation results and measured temperature
The temperature records plotted graphically for the hottest and coldest weeks of the year tally with the simulation results of total number of discomfort hours for peak summer and winter (Figs 17, 18 and Table 4 ). For example, the total number of discomfort hours due to excess heat as per simulation results is highest, for the square dwelling unit with central open courtyard (Sample Hut 1). The recorded temperatures for the same dwelling in the hottest period of the year are also highest, at nearly 3 degrees more than the recorded temperatures of the dwelling unit having U-shape with south side open courtyard (Fig. 17) . Again, the total number of discomfort hours due to excess cold is minimum for Sample Hut 1 as per simulation results, and the temperatures recorded in the coldest part of the year for Sample Hut 1 is more than that recorded for the other two dwelling units (Fig. 18) . The simulation results are thus verified by actual temperature measurements.
Comparative analysis between the three sub-types of courtyard dwellings A comparison of the temperatures recorded at 6 AM (early morning), 12 Noon, 6 PM (evening) and 12 Midnight for the three dwelling units on 29 th May, during the hottest period of the year, and 4 th January, during the coldest period of the year, is as follows: (all temperatures are in degree Celsius) The temperatures at 6 AM (morning), 12 Noon (Midday), 6 PM (evening) and 12 Midnight is highest for the square unit with central courtyard blocked from all sides (Sample Hut 1). It shows the worst thermal performance amongst the three sample huts in summer. On the other hand, on a peak winter day, the temperature recorded inside Sample hut 1 is 2 degree Celsius more than the temperatures recorded in the other two dwelling units. It shows the best thermal performance amongst the three in winter (Tables 5-6 ).
Discussion
Based on the above study, it can be surmised that Courtyard style dwelling units, though recommended as solutions for a composite climate, need to be properly designed, clustered and oriented to make them beneficial in reducing thermal discomfort during summer and lowering summertime temperatures through ventilation, as U-shaped dwelling unit with open courtyard shows. Much depends, as Szokolay (2004) had concluded, on how the courtyard is treated. An un-shaded courtyard like the ones studied, without water, can be a liability, warmer than the external environment, not only in winter, but also during the hottest period. Such unwanted heating has been recorded in courtyards as has been in this case too. The traditional courtyards with locally growing grass cover, shading, trees and some water element can be substantially cooler than the ambient at the height of summer. Any type of shading by trees and presence of small water bodies were absent in the courtyards of all the three sample huts studied. Planting trees, bamboo groves and incorporating small lily-pools or a small water reservoir in the courtyard can be thought of as viable solutions to decrease the extreme high temperatures recorded in the courtyard during peak summer. Bamboo plants use transpiration to create their own microclimate, cooling a grove (or a house located in a grove) as much as 6 to 8 degree Celsius (Bansal et al. 2001) .
The south side courtyard in the U-shaped dwelling unit can be temporarily shaded in summer by deciduous vines, creepers and Palmyra leaves spread over a framework on top constructed of split bamboo, twigs and small sticks. In none of the studied sample huts, has the courtyard being used as a source of ventilation air or has been used to induce stack effect and cross-ventilation as has been described by Roaf (2001) and Fathy (1973) . Roaf (2001) suggests that corridors can be built between courtyard spaces that enable cross-ventilation. This can be incorporated in studied dwellings. 
Conclusions
, who carried out an analysis of indoor performance of houses using rammed earth walls, while rammed earth walls indeed have high thermal mass, the thermal resistance of rammed earth alone is not great enough to retain heat in cold climate. Cold climate design dictates that rammed earth should be coupled with thermal insulation to attain higher thermal resistance. Her studies show that in summer, the un-insulated rammed earth houses have similar performance to the insulated rammed earth house; however, without using any heater, the un-insulated houses could be colder by as much as 5 degrees in winter. Simple measures like increasing insulation-level of mud walls with insertion of bamboo frame-work and application of cow-dung layer and insulating clay-tiled roof can decrease the total number of winter-time discomfort hours. This alongside the U-shaped dwelling's better thermal performance in summer would make it ideal for all year round. 3. As Figure 17 illustrates, the outside temperatures drop considerably from around mid night to 6 AM in the morning in peak summer. However, due to high thermal mass of the 450 mm walls, the heat stored in the thermal mass of the 450 mm earth walls during daytime in radiated inside at night-time. This causes the inside temperatures to remain at a constant 35 degree Celsius even when outside temperatures have dropped to around 26-27 degree Celsius in peak of summer. To bring down the summer-time evening and night-time temperatures inside the U-shaped dwelling and decrease thermal capacity of walls, 200 mm/300 mm mud walls can be proposed to be constructed in future new constructions instead of the presently used massive 450 mm thick walls. Also bamboo frame-work in the form of wattle and daub structure can be used instead of the presently used cob-walls being used, in which mud is lumped over each other.
4. Nocturnal ventilative cooling of thermal mass can be incorporated in the U-shaped dwelling by providing larger wire-meshed voids, keeping them covered during day-time to prevent direct heat gain, but allowing cool outside breeze to flow inside during evening and night-time. The voids should be wire-meshed to prevent insect and pest entry into dwelling. 5. The courtyards should be covered with a cover of locally growing grass, and vegetation or a small bamboo grove be placed to keep temperatures down in the courtyard. 6. The U-shaped dwelling unit (Sample Hut 3) can be developed as a model dwelling unit for year round habitation ( Fig. 23 ) and arranged in proper clusters for availing of summer-time evening breeze as suggested by Olgyay, shown in Figure 8 , earlier in this paper (Fig. 24) . The southern courtyard can be covered with deciduous vines and creepers to protect from summer-time sunrays, but allow winter time sun rays in. This would encourage keeping alive the tradition of living as a community as well as provide thermal comfort round the year. 
